ABSTRACT A 500-kW continuous-wave (CW) high-power 3-dB divider is designed for the 4.6-GHz lower hybrid current drive system in the Experimental and Advanced Superconducting Tokamak (EAST). A multistepped structure is used to increase the power capacity, and a water cooling structure is introduced to reduce the thermal deformation and gas breakdown, which keeps the maximum steady-state temperature of the divider below 60 • C under full-power (500 kW) operation. The result of the simulations of the electric field shows that the power capacity of the multi-stepped structure is more than twice compared with the traditional design. Moreover, the divider shows excellent performance in the low-power test, with low return loss (−35 dB) and similar division ratio (S 21 = −3.004 dB and S 31 = −3.035 dB) at 4.6 GHz. Both the division ratio test and the full reflection test were carried out successfully under 250-kW CW, which suggests that the development of the 3-dB divider satisfies the design requirements.
I. INTRODUCTION
Power dividers are key components of lower hybrid current drive (LHCD) systems on Tokamaks, such as the 2.45 GHz LHCD system in EAST [1] , 3.7 GHz LHCD systems in HL-2A [2] , [3] , ADITYA-Upgrade tokamak [4] and SST1 [5] , 5 GHz LHCD systems in K-STAR [6] and ITER [7] . Some dividers are operating under high power short pulses (500 kW 2s [2] , [3] ), others are operating under lower power CW (250kW [4] or 300kW [6] ). However, for futural 4.6 GHz 500 kW LHCD system, an integrated design of the power divider with both high power and CW must be developed.
In the present 4.6 GHz LHCD system in the Experimental and Advanced Superconducting Tokamak (EAST), the maximum power capacity of the 3 dB divider is 250 kW, since a tuning pin is used in the coupling area to adjust the input port matching and the power division ratio. However, the pin would cause the electric field increased around itself. For high power CW, the presence of the pin would limit the power capacity, which depends on the amplitude of the The associate editor coordinating the review of this manuscript and approving it for publication was Andrei Muller. electrical field. Therefore, one of the design challenges is how to remove the pin while keeping the transmission and division performance of the device. Besides, the thermal effects of high-power microwave device under steady-state operation cannot be ignored. On the one hand, a rise in the temperature of the power divider would cause arcing inside it as it lowers the electrical field threshold breakdown, on the other hand, the thermal deformation of the divider would increase the voltage standing wave ratio (VSWR) and reduce the power capacity.
In section II, this work aim to calculate the physical size and transmission loss of the divider, analyze the thermal effect of the components and build a water cooling structure to maintain the steady state operation. And the power capacity is calculated based on the temperature distribution of the device. Section III introduces the experiment and the high power test of the 3 dB divider. Finally, a brief conclusion is given.
II. DESIGN OF THE 3 dB DIVIDER A. RF TRANSMISSION ANALYSIS
As shown in Fig 1, The power divider consists of four WR229 rectangular waveguides (58.2 mm × 29.1 mm) and one coupling area. In this device the microwave input from VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. Simplified structure of the 3 dB power divider [3] .
FIGURE 2.
Actual power divider structure.
port 1 is equally divided into output port 2 and port 3, yet the phase difference between these two ports is 90 • , while port 4 is used as the isolated port. According to the symmetry and the reciprocity, the scattering matrix of the power divider can be written as
The propagation modes of the divider are the TE 10 mode and the TE 20 mode. The TE 30 mode and higher order modes should be cut off. The TE 10 and the TE 20 modes are generated by odd and even modes excitation, respectively. The cutoff wavelength [8] of the TE 30 mode in the coupling cavity portion can be calculated as
where a and b are the length and width of the waveguide cutting plane, respectively. The operating wavelength of the 4.6 GHz electromagnetic wave is 65.2 mm, indicating that the TE 30 mode could be transmitted in the coupling area. Thus, the sizes of the coupling area especially the height a' must be reduced to suppress the TE 30 mode. For this, a multi-stepped structure is adopted by adding three steps in the coupling area to adjust the size of the waveguide. The actual divider structure is shown in Fig. 2 :
To guarantee that the TE 30 mode is cut off and the TE 20 mode is transmitted, the λ should be satisfied
where a' is the height of the coupling area, and Eq. (2) is solved as 65.2 mm < a' < 97.8 mm, and the scattering parameters of the above network [9] , [10] can be calculated by
where β e , β o are the wave numbers of the even mode and the odd mode [8] , respectively. In order to guarantee the same electric field amplitude in the two ports, the following expression should be satisfied.
Setting a' as 80 mm, the solution of Eq. 4 led to dimension of l = 48.8 mm. The other structure parameters were optimized with CST Microwave Studio are displayed in Table 1 . Since the two parallel ports of the divider need to be separated for actual facilitate installation, in the CST Microwave Studio model, each port was stretched for 100 mm in the lateral direction (the propagating direction of the wave, see Fig. 2 ) and 30 mm in the longitudinal direction (the wide side of the waveguide, see Fig. 2 ). The amplitude and phase of electric field in the resulting divider with the input power of 500 kW is shown in Fig. 3 . It is seen that the power input from port 1 is evenly distributed to port 2 and port 3. Moreover, as shown in Fig. 4 , the phase difference between port 2 and port 3 is precisely 90 • at 4.6 GHz.
The transmission loss of rectangular waveguide is mainly resulted from the conductor loss, and for TE 10 mode, it can be found by using formula [8] where k is the wavenumber, R s = √ ωµ 0 (2σ ) is the surface resistivity of the waveguide and ω = 2π × 4.6 × 10 9 rad s, µ 0 = 4π × 10 −7 N A 2 and σ = 5.8 × 10 7 S m are the operating frequency, permeability of vacuum and conductivity of copper [11] , respectively. And copper is the material of the divider. The transmission loss of the TE 20 mode is substituted with the transmission loss of the TE 10 mode to simplify the calculation. The wave would propagate at most 0.39 m in the divider, so the loss could be calculated as 984.3 W nearly.
B. STEADY-STATE THERMAL ANALYSIS
The steady-state thermal analysis is performed with ANSYS workbench considering the air convection with the environmental temperature of 20 • C and the related results are shown in Fig. 5 . It shows that when the surface temperature of the waveguide has stabilized, the maximum temperature is nearly 301 • C, and the lowest temperature is nearly 293 • C. Set the back surface of the divider as the fixed support, then the maximum deformation (681 um) of the divider would locate at the ports of the front wall. The waveguide may be thermally deformed because of the high temperature, which would decrease the power capacity of the divider. Additional cooling structures are indispensable.
The divider would be cooled by water flowing through a rectangular copper pipe with a section of 10 mm × 5 mm, is placed along the surface of the waveguide, the main properties of copper are reported in Table 2 . The equivalent diameter of the pipe d e can be calculated as
where A c and p are the area and perimeter of the cross section. According the requirements of the LHCD system in EAST, the temperature difference between the inlet water and the outlet water should be less than 20 • C. Since the initial water temperature is set as 20 • C, the temperature of the outlet water should be closed to 40 • C. In addition, the mass flow rate of the water system is set as 0.1 kg/s, which led the water velocity u to 2 m/s. The main thermal physical properties of water are reported in Table 3 . Where tc, η, v, Pr are thermal conductivity, dynamic viscosity, thermal diffusivity and Prandtl Number.
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The Reynolds number [12] can be calculated by
According to Sieder-Tate formula, the Nusselt number [12] can be calculated by
where the subscripts f and w respectively indicate that the water temperature is 20 • C and 40 • C, respectively. The convective heat transfer coefficient [12] of water is
Setting the heat transfer coefficient to 9509 W/(m2 · K) at the connection interface between the divider and pipe in ANSYS workbench, and the result of steady-state thermal analysis of the divider with water cooling structure is portrayed in Fig. 6 . It shows that the maximum surface temperature of the waveguide (∼55 • C) is at the ports, and at the coupling area with water cooling, where the maximum electric field locates (see Fig. 3 ), the temperature of the divider is below 40 • C, satisfying the design requirements. 
C. POWER CAPACITY CALCULATION
The prevention of microwave breakdown is a serious challenge in high power operations [13] - [17] . Microwave breakdown in undissociated air is caused by the ionization of neutral molecules by free electrons that have acquired sufficient energy from interactions with the electric field and the gas particles. As the waveguide temperature rises, decreasing of the critical electric field of the air breakdown inside the waveguide is the main factor limiting the power capacity of the waveguide. An in-depth study [13] on microwave breakdown of airfilled waveguide shows that the critical breakdown field EB can be calculated by
where p * and (p * λ) may be approximated by
where T a is the air temperature and λ is the wavelength. So the critical electric field for breakdown would be 18.7 kV/cm at 4.6 GHz when the temperature is 40 • C and the atmospheric pressure is 760 Torr (1.01×10 5 Pa). Fig . 7 shows the simulated amplitudes of the electric fields in the multi-stepped divider and the traditional divider with the maximum electric field of 18.7 kV/cm. Note that, in the simulation, the input power in the multi-stepped divider is 1.876 MW whereas the power in the traditional divider with pin is only 681.3 kW, implying that the power capacity is more than twice during matched condition after removing the pin. Since the transmission power must be less than one third of the power capacity [8] , the traditional power divider does not satisfy the design requirements. 
III. TEST OF THE 3 dB DIVIDER A. LOW-POWER TEST
Based on above analysis, a 3 dB divider is developed (see Fig. 8) . Also, as shown in Fig.9 , the S-parameters are measured with Agilent E5071B network analyzer are compared with simulated results. It is seen that the division imbalance between S21 and S31 is only 0.03 dB at 4.6 GHz, and it is less than 0.1 dB in the bandwidth of ±100 MHz. The measured return loss is below −35 dB at 4.6 GHz. The difference between the measured value and the simulated calculation may result from the limitations in the manufacturing accuracy and measuring accuracy.
B. HIGH-POWER TEST
The 4.6 GHz/ 500 kW klystron for EAST is still under development, so the divider has been tested by a 4.6 GHz/ 250 kW klystron. The 4.6 GHz 250 kW test bench is mainly composed of microwave source, transmission line, control and protection system (CPS), and high voltage power supplies (HVPS). Klystron generates 250 kW CW while adding an HVPS, and an optical arcing monitor in transmission line can detect the optical signal, then send an electrical signal to CPS to turn off the microwave source in 5 us while arcing.
To ensure that the divider could work at 500 kW, a 90 • phase shifter is connected to port 2, and two short-circuited loads are connected to port 2 and port 3 (see Fig. 11 (b) ). Hence, the power arriving at these two ports would reflect fully, and the electric field would be the same as that from VOLUME 7, 2019 a 500 kW klystron, because of the superposition of the input power and reflected power. The division ratio between S21 and S31 is tested by directional couplers and power meters which are installed at the two output ports separately. The photographs and flow diagrams of the high power test system are plotted in figure 10 and figure 11 .
The result of division ratio testing is shown in Table 4 and the output power of klystron are shown in Fig. 12 and Fig. 13 . Table 4 shows that the output power of port 2 and port 3 are nearly equal, which is similar to the low power test result. Fig. 12(a) and Fig. 13(a) indicate that the divider has arced several times, possibly because the inner wall of the divider is not smooth enough, and the burrs were cleared by arcing almost. The divider can work in steady state at 500 kW after conditioning.
IV. CONCLUSION
A high power divider for the 4.6 GHz 500 kW LHCD system on EAST is designed in the combination between microwave theory and thermodynamics. The power capacity can be improved by removing the tuning pin. To solve the heat dissipation problem under high power operation, a water cooling structure is constructed. The tests of the division ratio and the full reflection with 250kW continuous wave have been completed in the high power test bench. Results show that the divider satisfies the design requirements of the LHCD system on EAST. 
